Infection with most cytolytic animal viruses is characterized by a marked inhibition of host transcription and translation (5, 58) . This inhibition is particularly evident when HeLa cells are infected with poliovirus (9, 16) . The selective blockade of macromolecular synthesis in virus-infected cells is accompanied by massive poliovirus RNA replication and almost exclusive synthesis of viral proteins. Poliovirus RNA translation starts at a single AUG initiation codon and continues through a long open reading frame that encodes a huge polyprotein precursor (67) . This precursor is not found as such in the infected cells, since it is proteolytically processed while still attached to ribosomes as a growing peptide (32, 51) . Two virus-encoded proteases, 2A
pro and 3C pro (or its precursor 3CD pro ), are responsible for all but one of these proteolytic cleavages (32, 59) . These two viral proteases have been implicated in the inhibition of host translation (2A pro ) and transcription (3C pro ) (12, 13, 16, 17, 70) . Most of the proteolytic reactions that generate the mature viral proteins are accomplished by 3C pro (or 3CD pro ). 2A pro catalyzes only two cleavages on the polyprotein, one between the capsid protein precursor (P1) and itself and another on 3CD to generate 3CЈ and 3DЈ, two products of unknown function (35) . 2A pro also bisects other cellular proteins, including initiation factor eIF4G, leading to inactivation of the eIF4F* complex for cap-dependent translation (16, 17) .
The eIF4F* complex is composed of three polypeptides: eIF4E, eIF4A, and eIF4G (9, 41) . eIF4E is the cap-binding subunit; eIF4A exhibits RNA helicase activity and is thought to unwind the secondary structure present at the 5Ј leader sequences of mRNAs, while eIF4G serves as a scaffold to bring together eIF4E, eIF4A, and eIF3, attaching the mRNA to the small ribosomal subunit (9, 41, 56) . Recently, a new homologue of eIF4G (termed eIF4GII) has been identified (23) . These two forms of eIF4G seem to function identically. Not all picornaviruses cleave eIF4G; enteroviruses, rhinoviruses, and aphthoviruses encode proteases that cleave eIF4G internally to generate two fragments (16, 17) , while cardioviruses do not cleave eIF4G but may activate the suppressor of cap-dependent translation, 4E-BP1, by dephosphorylation (21) . The bisection of eIF4G by poliovirus 2A pro separates the two functional domains of this factor: the N-terminal domain of eIF4G, which interacts with eIF4E, and the C-terminal domain, which binds eIF4A and eIF3 (34, 72) . Although, eIF4GI cleavage was linked initially to the shutoff of host translation in poliovirusinfected cells, several findings suggested a lack of correlation between eIF4GI cleavage and inhibition of host translation (10, 29, 47, 52) . Recent findings suggest a correlation between the kinetics of eIF4GII bisection and the inhibition of cellular protein synthesis after poliovirus and rhinovirus infection (24, 61) .
Picornavirus RNAs, in contrast to cellular mRNAs, do not contain a 5Ј cap structure (9) . Their translation is mediated by ribosome binding to an internal ribosome entry site (IRES) that is present within the 5Ј-untranslated region (9) . This mode of cap-independent translation does not require initiation factor eIF4E. Only the C-terminal fragment of eIF4G that interacts with eIF4A and eIF3 is necessary to support IRES-dependent translation (9, 16, 34, 72) . Moreover, the synthesis of proteins from mRNAs containing the poliovirus leader sequence is stimulated after cleavage of eIF4G by 2A pro (25, 72) . However, the presence of cleaved eIF4G is not sufficient for this enhancement to take place since the presence of an active 2A pro is necessary to stimulate IRES-driven translation (54, 66) . The initiation of protein synthesis on some cellular mRNAs shows similarities to picornavirus mRNA translation (40) . This is the case for mRNAs that encode some heat shock proteins and that, despite the presence of typical cap structures at the 5Ј ends, are still translated after shutoff of cellular translation in poliovirus-infected cells (45) . This is due to the presence of a leader sequence that does not require the eIF4F* complex and the typical cap recognition step (28, 53) .
In addition to eIF4G, a number of cellular proteins were found to be proteolysed during poliovirus infection (63) . Thus, it has been recently reported that poliovirus 2A pro cleaves transcription factor TFIID in cell-free systems (69) . However, this cleavage does not affect in vitro transcription. There may be other unidentified cellular substrates for 2A pro . In addition to being implicated in the proteolysis of viral precursors and host proteins and stimulation of translation of mRNAs bearing the picornavirus IRES, 2A
pro has been implicated in poliovirus RNA replication, which occurs by mechanisms that are still poorly understood but that could be independent of its protease activity (38, 43, 71) . In conclusion, the multifunctionality of poliovirus 2A pro examplifies how picornaviruses have evolved to maximize their genetic information in a short RNA genome.
The potential cellular toxicity of the individual expression of 2A pro has been analyzed in different cellular systems, including bacteria where this protease was nontoxic (4, 48) , yeast (7, 8, 31) , and mammalian cells. A variety of expression systems have been examined in cultured cells. The synthesis of poliovirus 2A pro activated by human immunodeficiency virus tat blocks the expression of a reporter gene in HeLa cells (60) . Transient expression of 2A pro in COS cells has a major impact on transcription compared to translation of the reporter gene analyzed (14) . Attempts to express 2A pro from recombinant vaccinia viruses have been hampered by 2A pro toxicity (30, 62) . Transient expression of poliovirus 2A pro has been achieved by infection with recombinant vaccinia virus that expresses the T7 RNA polymerase (2, 3, 19) . Poliovirus 2A pro strongly inhibits vaccinia virus gene expression at the translational level (19) . Microinjection of mRNA encoding coxsackievirus 2A pro in Xenopus oocytes leads to eIF4G cleavage and to strong inhibition of translation of luciferase mRNA, while ongoing cellular translation is much less affected (15) . Similar results were found using a different approach to deliver hybrid proteins containing poliovirus 2A pro directly into cells. Efficient eIF4G cleavage occurs upon entry of these hybrid proteins promoted by adenovirus particles (47) , but ongoing cellular translation was less inhibited than the expression of a reporter gene (46) . The results obtained with these systems show that 2A pro certainly affects the expression of a reporter gene but that its effect may depend on factors that vary with the expression system tested.
In order to further assay the effects of poliovirus 2A pro on both gene expression and ongoing cellular translation, we decided to use a tetracycline (tet)-dependent expression system (22) . The Tet-Off system used to express poliovirus 2A pro avoids the presence of additional viral proteins, which characterizes most eukaryotic expression systems thus far analyzed. To this end, stably transformed HeLa cell clones that express poliovirus 2A pro under the control of an inducible, tightly regulated promoter were obtained. Thus, a biochemical and morphological analysis of the consequences of poliovirus 2A pro expression in human cells has been conducted.
MATERIALS AND METHODS

Cells and viruses.
A HeLa-derived cell line, designated HeLa Tet-Off, that expresses the chimeric tet-responsive transcriptional activator (tTA) (22) was purchased from Clontech. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% newborn calf serum and 100 g of G418 (Geneticin; GIBCO BRL, Gaithersburg, Md.)/ml.
Infection of HeLa cells with wild-type (wt) or 2A pro mutant polioviruses was carried out as described previously (66) . Poliovirus type 1 (Mahoney strain) and vaccinia virus were grown in HeLa cells with DMEM supplemented with 2% calf serum. Encephalomyocarditis virus (EMCV) was grown in L929 cells in the same medium. The recombinant vaccinia virus bearing the T7 RNA polymerase (VT7) (20) was kindly provided by B. Moss (National Institutes of Health, Bethesda, Md.). Infection of HeLa cells with vaccinia virus and VT7 has been previously described (1, 3) .
General recombinant DNA protocols. Construction and purification of vectors were carried out by standard procedures (57 HeLa Tet-Off cells was transfected with 5 g of pTRE.2A encoding the poliovirus 2A pro under the control of the tTA-responsive promoter and mixed with 0.25 g of plasmid pTK-Hyg containing the hygromycin resistance gene and 10 g of Lipofectin. After 8 h of incubation, plasmids and Lipofectin were removed and the cells were grown in DMEM supplemented with 10% newborn calf serum for 24 h before the initiation of selection with hygromycin B. Plasmid pTRE lacking an insert was used to generate mock-transformed cell lines. Positive clones were selected with 200 g of hygromycin B/ml and 2 g of tet/ml. The concentration of tet was reduced to 0.02 g/ml to maintain repression of the selected clones during the experiments. Hygromycin-resistant clones were screened for the cleavage of eIF4G 24 h after induction of 2A pro in the absence of tet. eIF4G cleavage was monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. These analyses test for both protease expression and activity.
For individual experiments, subconfluent HeLa cell cultures were detached by treatment with trypsin-EDTA and 10 5 cells were plated in 24-well dishes. After 12 to 24 h cells were washed five times with DMEM over a period of 1 h in order to remove tet and to induce 2A pro expression. Finally, cells were placed in DMEM supplemented with 2% fetal calf serum without tet (induced) or with 0.02 g of tet/ml (uninduced).
Transient expression and lipofection of mRNA. HeLa cells plated in 24-well dishes were induced at the times indicated in each experiment before infection with VT7 (multiplicity of infection [MOI] of 5). After 45 min of virus adsorption, a mixture of DNA (0.5 g/well) and Lipofectin (2 g/well) was added to cells in DMEM as described by the manufacturer (GIBCO BRL). Cells were harvested at the times indicated in the figure legends for each experiment. RNA transfections were carried out as already described (66) .
Protein labeling and Western blotting. Cells were labeled with 25 Ci/ml of [ 35 S]Pro-Mix (Ͼ1,000 Ci/mmol; Amersham) added to methionine-free medium. The radiolabeled cell monolayers were dissolved in sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 0.1 M dithiothreitol, 17% glycerol, 0.024% bromophenol blue [indicator] ) and loaded onto SDS-15% PAGE gels. Immunoblotting was carried out as described previously (6) . The anti-2C (55), -2A and -3C (8), -eIF4GI (19) , and -eIF4GII (23) sera were obtained and used as described previously. The anti-eIF4FG-2 antiserum was a generous gift from N. Sonenberg (McGill University).
RNA extraction and Northern blotting. RNA was extracted from 10 6 cells as described previously (18) . mRNA isolation was carried out using a QuickPrep Micro mRNA purification kit purchased from Pharmacia Biotech.
32 P-labeled probes were obtained using the Rediprime DNA labeling system (Amersham) employing a restriction fragment bearing poliovirus 2A pro . Northern blot analysis was performed by standard procedures (57) . and pTK-Hyg bearing the selectable marker for hygromycin B, as detailed in Materials and Methods. After selection and cell cloning, 26 hygromycin B-resistant cell clones were screened for conditional eIF4G cleavage. Three of them, 2A5, 2A7, and 2A24, were clearly positive in this analysis. These clones displayed highly regulated expression of poliovirus 2A pro , but all three clones showed some basal level of eIF4G cleavage in the presence of tet. The 2A7 clone was further subcloned by limit dilution. The different clones thus obtained exhibited a phenotype similar to the parental one. The clone designated 2A7d was used in all subsequent experiments. In the following, the terms 2A7d-On and 2A7d-Off refer, respectively, to HeLa 2A7d cells that either were or were not induced to express poliovirus 2A
RESULTS
Isolation of
pro . Cell clones transfected with vectors pTRE and pTK-Hyg were also isolated by following the same protocol in order to use them as controls.
A number of alterations in cellular morphology were apparent upon induction of 2A pro synthesis in all positive clones. Phase-contrast microscopy showed that most 2A7d-Off cells growing in the presence of tet had a normal phenotype; only a few cells appeared rounded and were nonadherent (Fig. 1A,  left) . The number of HeLa cells which were rounded and refringent rapidly increased from 28 h after tet depletion (Fig.  1A, middle) . Thus, 46 h after induction, less than 1% of 2A7d-On cells remained attached to the plate (Fig. 1A, right) . The few remaining cells that grew in the absence of tet seem to have lost the capacity to express poliovirus 2A pro (results not shown). The rounded and nonadherent cells remained viable for several hours before they became permeable to trypan blue (results not shown). Immunofluorescence microscopy of doubly stained cells with antitubulin and anti-2A pro antibodies showed that 2A pro expression provoked the collapse of the microtubule network, which occurs in poliovirus-infected cells (36) , and almost 100% of the cells synthesized 2A pro (Fig. 1B) . Expression of poliovirus 2A pro mRNA synthesis, as well as 2A pro activity in clone 2A7d, took place and was strongly regulated ( Fig. 1C and D) . A major band of mRNA that specifically hybridized with a 2A pro probe appeared upon induction (Fig. 1C) . As a loading control the same samples were hybridized with an actin mRNA probe (Fig. 1C) . A concentration of 2 g of tet/ml was employed to select clones, but induction of 2A pro was much more rapid when cells were grown in the presence of 0.02 g of tet/ml prior to removal. This treatment did not increase the basal expression level of 2A pro , as judged by eIF4G cleavage (Fig. 1D) .
Effects of poliovirus 2A pro on cellular protein synthesis. The action of poliovirus 2A pro on translation was examined in parallel with eIF4G cleavage in 2A7d cells. Inhibition of protein synthesis was consistently observed between 10 and 13 h after induction of 2A pro (Fig. 2) . This inhibition correlated with eIF4G cleavage, and almost no intact eIF4G was detectable at the times when translation inhibition was already apparent (Fig. 2) . The functional characterization of an eIF4G homologue designated eIF4GII has been recently described (23) . Both forms of eIF4G were extensively cleaved in 2A7d-On cells, with similar kinetics (Fig. 2) . The decrease of eIF4G fragments observed at late times of induction probably reflects the activity of endogenous cellular proteases. Despite the strong blockade of protein synthesis and complete cleavage of eIF4GI and eIF4GII observed, an appreciable amount of protein synthesis remained, even 24 h after 2A pro induction (estimated by densitometric analysis as 5 to 10% of control levels).
The elastase-specific inhibitor methoxysuccinyl-Ala-AlaPro-Val-chloromethylketone (MPCMK) potently blocks poliovirus 2A
pro both in vivo and in cell-free systems, reducing the production of infectious virus particles (42) . Figure 3A shows that a concentration of 1 mM MPCMK abrogates the inhibition of host translation and inhibits both the synthesis of viral proteins and eIF4G cleavage in poliovirus-infected HeLa cells. MPCMK prevented cleavage of both forms of eIF4G in 2A7d-On cells even after 20 h of induction (Fig. 3B) (Fig. 3B) . Therefore, there was a good correlation between inhibition of translation, eIF4G cleavage, and 2A pro activity. However, it was not proven whether MPCMK prevents the inhibition of translation by directly blocking cleavage of eIF4G or by inhibiting the effects of 2A pro on other cellular substrates. Surprisingly, MPCMK used at nontoxic concentrations (0.2 mM) delayed by a few hours, but did not prevent, the death of 2A7d-On cells (Fig. 3C) , despite the fact that eIF4G remained partially intact (Fig. 3B, bottom) . Therefore, it is possible to separate eIF4G cleavage from cell death induced by poliovirus 2A
pro .
2A
pro allows picornavirus translation in 2A7d-infected cells. Once it was found that inhibition of host translation takes place in 2A7d-On cells, it was of interest to analyze whether 2A pro facilitates IRES-driven translation; if so the presence of this protease from the beginning of the infection would be beneficial for picornavirus gene expression. To test this possibility, two picornaviruses were chosen, poliovirus and EMCV. These viruses differ in the type of IRES present in the 5Ј leader sequence (9, 26) . Additionally, poliovirus cleaves eIF4G during infection, while EMCV does not (44) . Moreover, cardiovirus EMCV 2A protein has no sequence homology with the enterovirus and rhinovirus 2A pro , lacking a protease consensus motif and detectable proteolytic activity (37) . 2A7d HeLa cells were infected with poliovirus or EMCV 14 h after induction of 2A pro and pulse-labeled with [ 35 S]methionine at different times postinfection, and labeled proteins were analyzed by SDS-PAGE (Fig. 4) . The levels of viral protein synthesis in 2A7d-On and 2A7d-Off cells were similar, even when virus infection started 24 h after induction (results not shown). For poliovirus at the MOI used, mature viral proteins were already detectable 3 h postinfection in 2A7d-On cells and no viral proteins were made after 5 h postinfection, whereas the peak of poliovirus protein synthesis occurred between 4 and 6 h postinfection in 2A7d-Off cells (Fig. 4) . For EMCV, cellular translation was inhibited earlier, such that viral proteins were exclusively synthesized in 2A7d-On cells (Fig. 4) . Therefore, picornavirus proteins were synthesized in 2A
pro -expressing cells. By contrast, vaccinia virus replication was powerfully inhibited in 2A7d-On cells, in good agreement with the result showing that poliovirus 2A pro interferes with vaccinia virus translation (19) . Although picornavirus translation in 2A7d cells was allowed, there was no stimulation of the total amount of viral protein synthesized, resulting in levels of virus production similar to those in 2A7d-Off cells. In addition, these results show that 2A7d-On cells synthesize picornavirus proteins efficiently at a time when cellular translation is completely blocked and hence that the metabolic energy, ribosomes, and other components involved in translation are not limiting. . Cell extracts were analyzed by SDS-15% PAGE. Aliquots of the same samples were also analyzed by immunoblotting. The blots were incubated with anti-eIF4GI antiserum (eIF4GI) (middle) or with an antiserum against the C-terminal domain of eIF4GII (eIF4GII; bottom). CP, cleavage products.
It was of interest to determine whether 2A pro expression in 2A7d-On cells could complement a poliovirus 2A-deficient mutant. M3 (2A pro ; S66F) is a poliovirus variant previously isolated and characterized in our laboratory (8, 64) . The point mutation S66F in 2A pro attenuates virus mRNA translation, delays the shutoff of host protein synthesis, and greatly reduces virus growth and the cytopathic effect (8) . The mutant shows no transactivation of an IRES-containing mRNA and defective cleavage of 3CD by 2A pro to yield 3CЈ and 3DЈ. Efficient cleavage of eIF4G at late times postinfection occurs in M3-infected HeLa cells, although the kinetics of this cleavage are slower than those of wt poliovirus infection (8) . M3 protein synthesis was enhanced in 2A7d-On cells at different times of infection, recovering the phenotypic translation of wt poliovirus (Fig. 5A ). In addition, M3 was able to induce the cytopathic effect in 2A7d-On cells (results not shown). Cleavage of eIF4GI (Fig. 5B ) and eIF4GII (results not shown) correlated with the inhibition of cellular translation. However, close inspection of the pattern of viral proteins showed that 3CЈ and 3DЈ were still absent in M3-infected 2A7d-On cells, indicating that 2A pro expressed in trans in these cells cannot complement this defect or that the mutated M3 2A pro is transdominant in this reaction (Fig. 5C ). Alternatively the levels of 2A pro in 2A7d-On cells may not be sufficient to cleave 3CD.
To determine if 2A pro could rescue the growth defects of M3, a plaque-forming assay was carried out. Surprisingly, despite the rescue of viral translation by 2A pro expression, the production of mutant virus could not be fully restored. The titers obtained with M3 were considerably lower than those of wt poliovirus, both in 2A7d-Off and 2A7d-On cells (results not shown). The plaques obtained with M3 maintained their characteristic small-size phenotype, even in 2A7d-On cells. This finding raises the possibility that 2A7d-On cells complement the defects that M3 2A pro has on translation but cannot complement one or more effects of M3 2A pro on other steps of virus replication, such as viral RNA synthesis (38, 43, 71) . The fact that the levels of 3CЈ (and presumably 3DЈ) are lower in M3-infected 2A7d-On cells further points to a function of those proteins during the poliovirus life cycle (66) .
Translation of mRNAs bearing an IRES leader sequence in 2A7d cells. Poliovirus 2A pro causes two opposite effects on gene expression: one is the blockade of cellular gene expression at both the transcriptional and translational levels, and the other is the stimulation of translation of poliovirus and other picornavirus mRNAs (9) . To test the effects of eIF4G cleavage and 2A
pro on the translation of mRNAs bearing a picornavirus leader sequence, 2A7d-On and 2A7d-Off cells were transfected with plasmids pTM1.2C, pAR.2C, and pT7.2C (1, 33) . All these plasmids carry the poliovirus 2C gene under a T7 promoter but are preceded by the EMCV 5Ј-untranslated region (UTR) (pTM1.2C), by the poliovirus 5Ј-UTR (pAR.2C), or by no further regulatory sequences (pT7.2C). Expression of 2C was triggered by infection with a recombinant vaccinia virus bearing the T7 RNA polymerase, just before transfection of these plasmids (20) . A protein band corresponding to poliovirus 2C was apparent when both 2A7d-Off and 2A7d-On cells were pulse-labeled at 16 h postinfection and transfected with pTM1.2C or pAR.2C, but 2C synthesis was not observed with pT7.2C (Fig. 6A, top) . Immunoblot analysis with anti-2C antibody shows that the amounts of 2C protein accumulated in 2A7d-On and 2A7d-Off cells were similar when the cells were transfected with pTM1.2C and pAR.2C but that the amount was very much reduced in 2A7d-On cells transfected with pT7.2C (Fig. 6A, bottom) . Poliovirus 2A pro blocked host and vaccinia virus translation when eIF4G was cleaved in 2A7d-On cells, while the synthesis of poliovirus 2C was not affected when a picornavirus IRES sequence preceded the 2C gene. Similar results were found when vaccinia virus replication was inhibited with araC, although in this case the levels of poliovirus 2C synthesis achieved were higher, both in 2A7d-On and in 2A7d-Off cells (Fig. 6A) . The inhibitory effect of 2A pro on vaccinia virus and consequently on T7 RNA polymerase synthesis may compensate for the potential stimulation of IRES-driven translation.
To avoid the possible inhibitory effect on T7-RNA polymerase by 2A pro , we analyzed the effect of this protease on the translation of different mRNAs that were directly transfected into 2A7d cells. These mRNAs encode luciferase as the reporter gene product. Some are uncapped (luc), while others bear a cap structure at the 5Ј end (capped luc [cap-luc]) or the poliovirus IRES leader luc (Lluc) sequence. These mRNAs were introduced by Lipofectin transfection 14 h postinduction, when eIF4G had already been cleaved, and cells were harvested 3 h later to assay for luciferase activity. Figure 6B shows that poliovirus 2A pro caused about a threefold increase in luciferase activity when the IRES Lluc mRNAs were analyzed, while a sixfold inhibition was found with cap-luc mRNAs (Fig.  6B) . Translation of uncapped luc mRNAs (luc) was very poor, both in 2A7d-Off and 2A7d-On cells. These results indicate that enhancement of IRES-driven translation and inhibition of cap-dependent translation occur in 2A7d-On cells in the absence of any other poliovirus-or vaccinia virus-encoded protein.
DISCUSSION
eIF4G cleavage and inhibition of cellular translation; is there a cause-and-effect relationship? eIF4G is a key factor in the regulation of the initiation of translation in eukaryotes (27) . This polypeptide orchestrates the interaction of different 35 S]Met-Cys/ml as described in Materials and Methods. The same extracts were analyzed in parallel by immunoblotting using anti-eIF4GI antiserum as indicated for Fig. 1 (bottom) . CP, eIF4GI cleavage products. macromolecules to promote the binding of the mRNA to the small ribosomal subunit to form the 48S initiation complex (56) . Few experimental approaches have been directed to analyzing the consequences of eIF4G cleavage by poliovirus 2A pro for ongoing cellular translation in cultured cells. Our present findings indicate that inducible expression of poliovirus 2A pro in HeLa cells leads to efficient cleavage of both forms of eIF4G and to inhibition of cellular translation. Previous findings have illustrated that a high level of poliovirus 2A pro synthesis induces inhibition of ongoing cellular translation but that there are also conditions where eIF4G cleavage can be separated from this inhibition. When poliovirus 2A
pro is synthesized at high levels using the VT7 system, an inhibition of host protein synthesis similar to that observed in 2A7d-On cells occurs (2, 3, 19) . However, the synthesis of vaccinia virus proteins makes it difficult to evaluate the mechanism of this inhibition because vaccinia virus itself induces a shutoff of cellular translation. Moreover, vaccinia virus complements 2A pro function by a still-unknown mechanism (50) . Injection of mRNAs encoding coxsackievirus 2A pro in Xenopus oocytes leads to efficient cleavage of eIF4G and blocks the translation of exogenous globin mRNA, while ongoing cellular translation is much less affected (15) . This finding agrees well with a different approach based on the internalization of hybrid proteins bearing poliovirus 2A pro into HeLa cells (46, 47) . No intact eIF4G is detected several hours after treatment with hybrid toxins, but ongoing translation takes place at substantial levels. In contrast, translation of a newly made luc mRNA was drastically blocked. These systems provided evidence that the inhibition of ongoing protein synthesis could be separated from eIF4G cleavage. The hypothesis that eIF4G participates in the very first initiation event and may not be required for further reinitiation rounds helps to explain most of the results obtained, both with cell-free systems and intact cells (49) pro synthesis for cellular metabolism and morphology. Two important differences between the present results and those obtained previously should be noted: (i) ongoing protein synthesis was inhibited more than 90% in 2A7d-On cells, while in cells permeabilized to hybrid proteins about 50% of cellular translation continued for up to 24 h (47); (ii) 1 day after tet removal, 2A7d-On cells begin to round up and lose adherence, while cells permeabilized to poliovirus 2A pro do not die; instead, they recover their normal phenotype. The low level of 2A pro inside cells may be sufficient to induce eIF4G cleavage (11, 68) but not to cleave other putative cellular substrates that could affect cellular metabolism and morphology. Moreover, the presence of fusion pro- teins ligated to 2A pro could interfere with its intracellular localization and/or functioning.
The presence of two forms of eIF4G and their different kinetics of cleavage during poliovirus infection (24) may help to explain previous findings that eIF4GI cleavage was dissociated from the inhibition of cellular translation (10, 29, 47, 52) . However, it is evident that the strong inhibition of translation and morphological alterations observed in 2A7d-On cells imply that 2A pro participates in events other than eIF4G cleavage. In fact, these phenomena can be separated using the 2A pro inhibitor MPCMK. Under these conditions, cleavage of both forms of eIF4G is prevented by MPCMK but cell death still occurs in 2A7d-On cells. It is probable that there are additional substrates for this protease and/or that 2A pro possesses other functions in addition to its proteolytic activity that are involved in cell killing. The 2A7d cell clone could be very useful for identifying such substrates or activities; for example, the analysis of additional 2A pro inhibitors could distinguish between different activities present in this protease.
Poliovirus 2A pro has a dual role in gene expression. Poliovirus 2A pro has two opposite effects on gene expression. This protease depresses the expression of cellular genes but, on the other hand, augments the synthesis of picornavirus proteins (9) . Inhibition of cellular translation may benefit virus replication in different ways, for instance, by precluding competition with host mRNAs for the translation machinery or by preventing the establishment of an interferon response. Both effects of 2A pro on gene expression may be achieved by proteolytic degradation of eIF4G. The data shown in this work indicate a correlation between eIF4G degradation and both inhibition of cellular protein synthesis and stimulation of picornavirus translation. If additional events are necessary for both processes to take place in the infected cells, these events could be mediated by 2A pro alone. The poliovirus IRES sequence is efficiently recognized by the HeLa translation machinery, even in the absence of 2A pro . A number of cellular proteins have been implicated in this recognition (9, 16) . Therefore, 2A
pro is not an absolute requirement for IRES-driven translation, but the protease facilitates the functioning of several picornavirus IRESs with different secondary structures (54) . Several hypotheses can be put forward to account for 2A pro -induced transactivation of picornavirus IRES. One is that this protease binds directly to the IRES stimulating its translation. Genetic evidence for a direct pro for 15 h, and then cells were transfected with 1-g portions of different mRNAs encoding luciferase under different leader sequences: uncapped (luc), capped (cap-luc), or uncapped luciferase mRNA bearing the 5Ј leader sequence of poliovirus (Lluc). After 3 and 6 h posttransfection, cells were harvested and analyzed for luciferase activity as described previously (66) . rlu, relative luciferase units.
interaction between 2A pro and the poliovirus IRES has been provided (39) . Another possibility is that IRES stimulation is a consequence of 2A pro proteolytic activity, either by inactivation of an inhibitor of IRES function or by the generation upon proteolysis of an activator of IRES activity or both (8, 54) . The C-terminal fragment of eIF4G is a potential candidate for participating in this function. The activation of the picornavirus IRES by 2A pro seems to be independent of the loss of competition from capped mRNAs. IRES activity was not stimulated when cap-dependent protein synthesis was blocked by the translational repressor 4E-BP2 in the absence of any viral protease (54) . Furthermore, genetic evidence obtained using poliovirus 2A
pro mutants has shown that IRES-dependent translation is not stimulated by cleaved eIF4G per se but rather requires the presence of active 2A
pro (8, 66) . Moreover, stimulation of IRES activity was not achieved by the coexpression of the C-terminal fragment of eIF4G (54) . Therefore, in addition to eIF4G cleavage, other 2A pro activities are necessary for the transactivation of an IRES sequence. Thus, it is possible that 2A pro transactivates IRES by direct binding to this element as previously suggested (39, 66) or by inducing the cleavage of another cellular protein. If so, cleavage of this unknown substrate also occurs in 2A7d-On cells.
Usefulness of the HeLa cell clone that inducibly expresses poliovirus 2A
pro . The HeLa 2A7d cell clone described in this work provides a good model system for studying the different functions of poliovirus 2A
pro . As documented in this work, the clone can be used to analyze the molecular details that lead to inhibition of host translation, cell death, and the transactivation of mRNAs bearing an IRES sequence. It may also be used to rescue defective poliovirus 2A pro variants. It is even possible that this HeLa cell line may complement other picornavirus mutants. In addition, 2A7d cells can be used to investigate the action of known 2A pro inhibitors in vivo or to screen new compounds with antiprotease activity. This system has the advantage that simply removing tet from the culture medium induces cell death in a few hours. Potential antiviral compounds could be easily identified as inhibitors of this cytotoxicity. This assay may constitute an easy and rapid screening method for new antiviral agents targeted not only to poliovirus 2A pro but also to any toxic virus protein of therapeutic interest.
ACKNOWLEDGMENTS
The expert technical assistance of M. A. Sanz is acknowledged. We thank N. Sonenberg for generously providing eIF4GII antiserum.
A.B. is the holder of a CSIC postdoctoral fellowship. DGICYT project number PB94-0148 and an institutional grant to the CBM by Fundación Ramón Areces are acknowledged for financial support.
